The potent vasoconstrictor endothelin leads to smooth muscle cell depolarization and increases in intracellular Ca2`. Although effects of endothelin on calcium channels have been described, it also has been speculated that endothelin may activate additional ion channels. The purpose of the present study was to identify an alternative ion current that could play a role in depolarizing cells in response to vasoconstrictors like endothelin and vasopressin. The effects of endothelin, vasopressin, sarafotoxin S6b, and phenylephrine were assessed using whole-cell patch-clamp recordings from primary dissociated rat aortic or mesenteric arterial smooth muscle cells cultured for 24-72 hours. From the usual resting potentials of these cells of -50 to -60 mV, endothelin (1-100 nM) induced a depolarization via an increase in membrane conductance. This depolarization was phasic, oscillating repeatedly from the resting potential to a relatively depolarized level and back to the resting potential. From a holding potential of -60 mV, endothelin-1, endothelin-3, vasopressin, or sarafotoxin S6b (but not phenylephrine) induced transient inward currents that also could be phasic. In external sodium, lithium, or cesium (but not Tris) and in internal potassium or cesium, these currents reversed near 0 mV. Although nifedipine-insensitive, the inward currents were absent in zero calcium, barium, or strontium, or in the presence of cobalt or nickel. These results represent the first report of a nonselective cation current in primary vascular smooth muscle cells that is calcium dependent and that could be responsible for the depolarizations induced from the resting potential by vasoconstrictors such as endothelin. (Circulation Research 1991;69:447-454) T he endothelium, no longer considered merely a simple barrier between the bloodstream and vascular wall, synthesizes and releases paracrine hormones that regulate the function of vascular smooth muscle cells.1,2 In addition to the well-described vasorelaxant factors (e.g., endothelium-derived relaxing factor),3 experimental evidence has suggested that the endothelium also releases vasoconstricting factors. 
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Data were stored on a pulse code-modulated video cassette recorder (A.R. Vetter Co., Rebersburg, Pa.) for off-line digitization using acquisition and analysis routines written under the C-Lab programming environment, a Labmaster interface (Scientific Solutions Inc., Solon, Ohio), and an IBM-AT (IBM Instruments, Inc., IBMCorp., Danbury, Conn.).
Solutions and Perfusion Systems
The standard external (bath) solution was composed of (mM) CaCl2 5, NaCl 137, MgCl2 1, KCl 5, HEPES 10, and glucose 10 (pH 7.4, 300 mosm). Calcium-free bath solutions were prepared identically, except calcium was omitted (contaminating free Ca2' estimated at 2 ,uM). All peptide-containing solutions also contained 0.5-1 mg/ml bovine serum albumin. The standard internal (pipette) solution contained (mM) potassium aspartate 130, KCl 20, EGTA 1, CaCl2 0.71 (free Ca2' approximately 100 nM), MgCl2 1, glucose 10, HEPES 10, K2ATP 1-2, and Na2-phosphocreatine 5, as well as 20 units/ml creatine phosphokinase (pH 7.35, 305 mosm). The experimental perifusion system was as described previously.14 Briefly, in these experiments, separate inflow lines for various perifusing solutions were positioned around the perimeter of a 500-,ll experimental dish. The perifusion rate was approximately 1 ml/min. In the center of this chamber, test solutions were applied via a modified U-tube flow system. 15, 16 In this system, solutions flow from a series of reservoirs, through a tiny loop of No. 10 polyethylene tubing that has a 50-,um hole at the apex of the loop, and then into a vacuum trap. This U-tube is placed in the recording chamber approximately 100 ,um from the experimental cell. When vacuum is momentarily discontinued, the test solution flows rapidly onto the cell and subsequently is removed when vacuum is restored. The time constant for drug application with this system was less than 50 msec, as measured by changes in solution conductivity between patch and indifferent electrodes in the chamber.
Endothelin-1 (ET-1) or endothelin-3 (ET-3) were purchased from Peptides International, Inc., Louisville, Ky.; sarafotoxin S6b was obtained from Bachem, California, Torrance, Calif. Arginine vasopressin, nifedipine, BaCl2, SrCl2, Tris, and L-phenylephrine HCl were obtained from Sigma. Peptides were diluted from stock solutions (0.1 mM) prepared in 1 mM acetic acid and were added to the drug delivery system within minutes of their application to cells. Stock peptide solutions were prepared at least every 2 weeks and assayed for their ability to contract aortic strips. Nifedipine was prepared as a 10 mM stock in dimethyl sulfoxide. Phenylephrine was prepared fresh daily. Phenylephrine-containing solutions also contained L-ascorbic acid at a 10-fold higher concentration. Tris was prepared from Trizma base as a chloride salt. seconds to minutes) varied from cell to cell. In most cases, a second application of ET failed to elicit a second depolarization, even after recovery of the membrane potential during prolonged washing.
Membrane Current Induced by Endothelin
From a holding potential of -60 mV (or from the cell's resting potential), both ET-1 and ET-3 (1-100 nM) induced inward currents in aortic or mesenteric smooth muscle cells (n=45) (Figure 2 ). In the majority of cells, the inward current was transient; that is, even in the presence of agonist, it "inactivated" or "desensitized" (Figure 2A ). However, in approximately 20% of responding cells, the current was maintained for many minutes, never fully recovering even with prolonged washing and whole-cell dialysis ( Figure 2B ). Frequently, the major component of inward current was preceded by a smaller, somewhat slower turn-on of inward current, as can be seen in Figures 2C and  2D . In approximately 10% of cells with an ET response, the principal component of current became phasic (see, for example, the cell in Figures 2C and  2D (Figures 3B and 3C ). In contrast, 10 ,M nifedipine, added to the bath for more than 10 minutes before ET-1, did not prevent the ET inward current (n=4) ( Figure 3D ). Buffering internal calcium changes also reduced the probability of inducing the ET current. For example, when 10 mM BAPTA was added to the pipette solution, ET-1 rarely (two of 13 cells) induced an inward current, and these induced currents were of smaller amplitude (2-10 pA) than those recorded in standard solutions (data not shown).
To test whether the ET current was carried primarily by divalent ions, as is the case for calcium currents, we substituted Sr2+ or Ba2+ for external Ca2 . In cells having high input impedances (primarily those that did not contract during formation of the whole-cell patch-clamp), no ET response could be elicited when either Sr21 or Ba21 completely replaced external Ca2+ (n =9) ( Figure 4A ). As can be seen, these same cells were capable of generating an ET inward current in the presence of Ca2+. However, if the cell contracted during the formation of whole-cell patch-clamp and had a relatively low input resistance, or if it exhibited spontaneous inward currents in the presence of calcium (note asterisk, Figure 4B ), application of ET-1 in the presence of Sr2+ or Ba>2 induced inward currents ( Figure 4B) Figures 2C and 2D , we compared the effects of ET-3 and ET-1 in the same cell. ET-3, which has been found primarily in the pituitary gland,'9'20 shares 71 % sequence homology with the more potent ET-1. In response to identical concentrations (10 nM) of these two peptides, ET-3 induced phasic inward currents of lower frequency than did ET-1.
Ca> Is Necessary
To test for dependence of the ET response on calcium influx, we applied ET-1 with and without external calcium or after the addition of cobalt, nickel, or nifedipine to the bath solution (Figure 3 Figure 5C ). Finally, total replacement of intracellular K+ by Cs+ neither prevented the ET current nor significantly altered its characteristics ( Figure SD) .
Using voltage ramps, we were able to obtain a reversal potential for the ET current of -3.4+2.1 mV (mean+SD, n=5) in standard recording solutions. Figure 6A shows ramp currents obtained for two cells. Each current is a difference current obtained by comparing ramps during ET to those before ET (see inset, Figure 6A ). With equimolar external sodium (137 mM) and internal cesium, the reversal potential was near 0 mV, whereas when 90 mM NMG-Cl was substituted for 90 mM external sodium (external NaCl=47 mM), the reversal potential shifted to -26.3 mV (calculated reversal for a nonselective cation current in these solutions is -25.2 mV). Figure 6B shows one of the few cells that responded to multiple applications of ET. In this cell, we obtained responses at different holding potentials, first at -35 mV and later at -60 mV. At -35 mV, the response was very slow to desensitize and did not recover during a 15-minute recovery period. With the change in holding potential to -60 mV, the magnitude of the remaining nondesensitized current increased. A second application of ET-1 at this voltage apparently activated additional ion channels, resulting in a larger inward current that was phasic in nature. The closed symbols in Figure 6A are the peak currents at the two voltages in Figure 6B . ET-like current (n =7) ( Figures 7A and 7B ). In the cell in Figure 7A , the current in response to vasopressin did not prevent a subsequent response to ET-1. However, in some cells, no subsequent ET response could be elicited after a vasopressin-induced current. The peptide sarafotoxin S6b, which was isolated from the venom ofAtractaspis engaddensis and which has 67% homology with ET,21,22 evoked an ET-like current that desensitized the smooth muscle cell to a subsequent ET application (n=6) ( Figure 7C role in the initiation of the ET-induced nonselective current described in this paper. However, it is clear that the major component of the ET-induced inward current is not a voltagedepartment calcium current, because it is not carried by Sr2' or Ba2+ and because it reverses near 0 mV.
The calcium-dependent ET current described in this paper can be carried by cations such as sodium, lithium, potassium, or cesium. The underlying channels therefore may be calcium-dependent, nonselective channels. (Because the calculated reversal potential for Cl-in our experiments was -51.3 mV and the current did not reverse at that potential [see Figure 6 ], the ET current is not carried by anions.)
Nonselective cation channels first were reported in by guest on October 16, 2017 http://circres.ahajournals.org/ Downloaded from cardiac Purkinje fibers,45 but the literature now contains numerous examples of these channels in other cells, including skeletal muscle cells. 46 In A7r5 smooth muscle cells, a current with nonselective characteristics was thought to be associated with the application of ET.9 Likewise, in smooth muscle cells of the rabbit jejunum, a nonselective inward current, which is voltage-dependent, is activated after muscarinic receptor activation. 47 For the most part, nonselective channels (especially in cardiac, neuronal, and endocrine cells) demonstrate low Ca2', Ba2 , or Sr2+ permeability.48-50 Similarly, the ET-induced current is not carried by Ba2`or Sr2+, because in the majority of cells, no current is induced when these divalents are substituted for Ca2 . Only when cells apparently are loaded with calcium from a prior spontaneous calcium influx (see Figure 4B) , or a prior contraction, can these calcium-activated channels be opened, allowing passage of available monovalent cations. In contrast, some nonselective channels such as the ATP-activated channels in rabbit ear artery, are permeable to Ca2+ or Ba2+.51 However, without single-channel data, we could not clearly distinguish whether the calcium dependency of the ET current was related to calcium-dependent activation or calcium permeation.
Because a similar transient, phasic, nonselective cation current was induced by not only peptides of similar structure (ET-1, ET-3, and sarafotoxin S6B) but also by vasopressin,52 this pathway for membrane depolarization, activated at the cell's resting potential, may be of general importance to vascular contraction. Its time course and phasic nature are reminiscent of the phasic oscillations in internal calcium evoked by ET in A10 vascular smooth muscle cells,17 in pituitary cells,26 and in human mesengial cells.53 A key question in understanding the functional roles of these channels is whether the transient, phasic opening and closing of these nonselective channels contributes to, or results from, changes in intracellular calcium levels. The answer will be found by improvements in time and spatial resolution of calcium measurements combined with single-channel measurements. However, it is clear that a recognition of the functional role of this cation entry pathway will lead to a better understanding of vascular smooth muscle cell modulation.
